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Abstract
Over the past few decades, wireless sensor networks have been widely used in the field of structure health monitoring of
civil, mechanical, and aerospace systems. Currently, most wireless sensor networks are battery powered and it is costly
and unsustainable for maintenance because of the requirement for frequent battery replacements. As an attempt to
address such issue, this paper theoretically and experimentally studies a compression-based piezoelectric energy har-
vester, which is suitable for the low-frequency and large-force working environments, such as in civil and transportation
infrastructure applications. The proposed energy harvester employs the piezoelectric structure constructed in multilayer
stack configuration to convert ambient vibrations into electrical energy. Based on the linear theory of piezoelectricity,
the two-degree-of-freedom electromechanical models of the proposed energy harvester were developed to characterize
its performance in generating electrical energy under external excitations. Exact closed-form expressions of the elec-
tromechanical models have been derived to analyze the maximum harvested power and the optimal resistance. The
theoretical analyses were validated through several experiments for a test prototype under harmonic excitations.
The test results exhibit very good agreement with the analytical analyses and numerical simulations for a range of
resistive loads and input excitation levels.
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Introduction
Because of the advantages over existing wired tech-
nologies, wireless sensor networks have become ubi-
quitous recently. There is a great interest in leveraging
this application in the area of civil and transportation
infrastructures by researchers and engineers to collect
the real-time data of the infrastructures for the aim of
improving the safety and management of the infra-
structures. Currently, most wireless electronics are
battery powered which is costly for maintenance.
The requirement for frequent battery replacements
also raises serious reliability and sustainability issues
in practice. The battery replacement sometimes can
become extremely diﬃcult, particularly in structural
health monitoring applications, where hundreds and
thousands of sensors are installed during construction
stages. For these sensors, if it is not impossible, for the
least it is impractical to gain access, remove protec-
tion, and replace batteries. Also, the proliferation of
wireless sensing devices has stressed even more the
need for small power sources as the battery capacity
has improved very slowly (by a factor of 2–4 over the
last 30 years), while the computational demands for
wireless sensors have drastically increased over the
same time frame.1 It is therefore of great necessity
to seek alternative power sources for these wireless
sensors. In this study, a potential clean and reliable
energy source for the wireless sensor networks
is developed by scavenging electrical energy from
ambient vibrations.
Extracting energy from ambient vibrations is
generally known as vibration energy harvesting or
vibration energy scavenging. Williams and Yates2
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have stated that three basic methods, i.e. electromag-
netic induction, electrostatic generation, and piezo-
electric eﬀect, could be utilized to scavenge electrical
energy from ambient vibrations. While each of the
aforementioned methods can generate a useful
amount of energy, piezoelectric vibration energy har-
vesters have received more attentions especially in the
recent years due to their ability to directly convert
applied force into usable electrical charge, as well as
its large power density and ease of application.3–5
Comparing to energy harvesting for large-scale alter-
native energy generation using wind turbines and
solar cells is mature technology, the development of
energy harvesting technology by using piezoelectric
devices on a scale appropriate for small, low-power,
embedded wireless sensing systems is still in its devel-
opmental stage, particularly for application of struc-
tural health monitoring sensing system.6 Wischke
et al.7 have investigated the feasibility of harvesting
energy from traﬃc-induced vibrations in railway and
road tunnels to power embedded structure health
monitoring sensors. They concluded that the traﬃc-
induced vibrations at any location in the road tunnel
and at the wall in the railway tunnel are too small for
useful vibration harvesting by using the cantilever-
based piezoelectric generator. Pasquale et al.8 pro-
posed a cantilever-based piezoelectric harvester to
harvest the vibrations of the railway vehicle’s bogie
and power a wireless sensor network for the structural
monitoring and safety improvement on railway vehi-
cles and have showed good agreement between theor-
etical analysis and experiment testing. Xie et al.9
developed a mathematical model to investigate the
energy harvesting of a tuned mass damper design
made of piezoelectric coupled cantilever attached by
a proof mass subjected to vibrations of a high-rise
building, and they provided guidance on optimal
design of energy harvesting devices made from piezo-
electric coupled cantilever structures for the applica-
tion of high buildings. Of the published results that
focus on harvesting energy for the wireless sensor net-
works in civil and transportation systems, most of
them have focused on using the piezoelectric materials
constructed in cantilever beam conﬁguration to
receive the vibrations and generate electrical energy.
The cantilever-based piezoelectric harvester requires
working at resonant range to maximum the energy
output, which will drop dramatically when the
induced frequency is lower than its resonant fre-
quency (normal around 120Hz).10 However,
the source of vibrations and other dynamic loads in
typical civil and transportation infrastructures are
usually moving vehicles, walking human, and wind-
induced loads and have relatively lower frequency
range and cannot meet the requirement of the canti-
lever-based piezoelectric harvester.11 Therefore, a
medium device is normally needed for the cantilever-
based style harvester to match the lower input vibra-
tion’s frequency with its higher resonant frequency.12
But the medium device would complicate the whole
system and decrease the energy harvesting eﬃciency.
In this paper, a compression-based piezoelectric
harvester was developed in order to scavenge suﬃ-
cient energy for powering the wireless sensor networks
used in the civil and transportation infrastructures.
Unlike the cantilever-based harvester, the proposed
energy harvester in this paper employs the piezoelec-
tric stack conﬁguration to harvest energy directly
from compressive loads, such as vehicular tire forces
acting upon pavements. Because the compressive load
in civil and transportation systems is usually large
enough, the compression-based piezoelectric harvester
has the potential ability to harvest suﬃcient energy
for the wireless sensors under the lower frequency
condition. The stack conﬁguration is chosen due to
its durability for large force excitations and its super-
ior properties on power generation than the single
piezoelectric monolithic element.13 To date, there is
limited research reported on the development of
stack conﬁguration based piezoelectric harvesters.
Keawboonchuay and Engel,14,15 Platt et al.,13 and
Feenstra et al.16 have done some feasibility investiga-
tions on the piezoelectric harvester in stack conﬁgur-
ation, however comprehensive research on the
piezoelectric harvester construction in multilayer
stack conﬁguration is still limited. Moreover, a piezo-
electric harvester system contains two fundamental
elements: the mechanical part that generates electrical
energy and an electrical circuit that converts and rec-
tiﬁes the generated energy in a form of an alternating
voltage into a constant voltage. The eﬃciency of the
energy harvester design depends not only on the
piezoelectric harvester itself but also on its integration
with the electrical circuit. Therefore, an electromech-
anical model which considers both the mechanical
and electrical aspects of the proposed harvester is of
great importance to optimize the design as well as for
understanding the behavior of the piezoelectric
harvester.
This paper is organized as follows. ‘‘Structure
design’’ section brieﬂy introduces the structure of the
proposed harvester. ‘‘Electromechanical models’’ sec-
tion provides the theoretical analysis on the output
voltage and power properties of the piezoelectric
stack, and develops two two-degree-of-freedom
(2DOF) electromechanical models (without and with
rectiﬁer circuit) of the proposed piezoelectric energy
harvester. Then, lab-scale tests are conducted to
experimentally evaluate the theoretical analysis and
investigate the energy harvesting capability of the pro-
posed compression-based piezoelectric energy har-
vester in ‘‘Experimental testing.’’ Finally, conclusions
from this study are drawn in the ﬁnal section.
Structure design
The piezoelectric energy harvester proposed in
this paper is a compression-based harvesting system,
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which employs piezoelectric multilayer stacks to har-
vest large compressive loads that exist in the ﬁeld of
civil and transportation infrastructure systems appli-
cation. Figure 1 schematically depicts an example of
implementing the proposed harvester for harvesting
electrical energy on the road. As shown in Figure 1,
the energy harvester is embedded on the surface of the
road and will generate electrical energy when a car or
a truck passes over. The exciting force, F(t), is the tire
force caused by the passing car on the road.
As shown in Figure 1, the proposed energy har-
vester is a box shaped and chieﬂy comprised of
plate 1, spring, plate 2, hard rubber layer, and a piezo-
electric stack. Piezoelectric material is a fragile mater-
ial and could be broken under large impact forces,
such as the impact tire force caused by the passing
vehicle. Therefore, it needs to set a medium to
endure the large impact force directly and transfer it
into endurable time varying force. In this proposed
structure, a spring, as shown in Figure 1, is chosen
to transfer the large impact tire force into endurable
time varying force. Because the spring is in circular
structure, two rigid metal plates, i.e. plate 1 and plate
2, were used to endure the tire force directly and make
the exciting force exert evenly on the piezoelectric
stack, respectively. In addition, there is a hard
rubber in this proposed harvester to protect the piezo-
electric stack from being damaged. Figure 2 shows the
side cross-sectional view of the piezoelectric stack,
which is made up of several very thin piezoelectric
wafers and electrode elements. In practice, the piezo-
electric wafers are polarized along this thickness dir-
ection, and all are assembled mechanically in series
with alternative polarization direction but connected
electrically in parallel to make the stack structure.
When cars pass over, the pressure and vibration
caused by the moving vehicle creates time varying
forces on the piezoelectric stack, which will generate
electrical energy. Electrical energy harvested by the
proposed compression-based piezoelectric harvester
is proportional to the force applied on the piezoelec-
tric stack, which is determined by the product of the
spring’s stiﬀness and compression. Actually, when the
structure is determined, the compression of the spring
is normally ﬁxed. Therefore, under the maximum
endurable stress of the piezoelectric material, a
spring with large stiﬀness is normally chosen in
order to maximize the force applied on the piezoelec-
tric stack and improve the energy harvesting ability of
the proposed piezoelectric harvester. In addition, it
needs to be noted that there is a precompression
force applied between the piezoelectric stack and
plate 1, therefore electricity will still be generated
during the rebounding of the compression.
Electromechanical models
Electrical characteristics of the piezoelectric
wafer-stack
The proposed harvester employs the piezoelectric stack
to scavenge energy from compressive loads. Therefore,
for evaluating the energy harvesting capability of the
harvester, it is necessary to investigate the electrical
characteristics and energy harvesting properties of the
piezoelectric stack under external excitation. According
to the Institute of Electrical and Electronics Engineers
Standard on Piezoelectricity17,18 under the external
force, given by the strain S, stress T, electric ﬁeld E,
and electric displacement D, the constitutive relations
















where e33 is the piezoelectric coeﬃcient, c3
E is the elas-
tic stiﬀness constant under a constant electric ﬁeld,
and "33
S is the dielectric constant under constant
strain.
For the piezoelectric stack shown in Figure 2, the
parameters in equation (1) can be calculated as
S3 ¼ xp=hp, E3 ¼ Vp=t, T3 ¼ Fp=A, D3 ¼ Q=nA
ð2Þ
Figure 1. Schematic of the proposed energy harvester.
Figure 2. Schematic of the piezoelectric stack.
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where hp is the height of the stack, A is the cross-
section area of the stack, t is the thickness of a
single piezoelectric wafer, Fp is the force applied on
the stack, xp is the deformation of the stack under the
exciting force, Q is the electric charge generated by the
stack, Vp is the output voltage of the stack, and n is
the number of piezoelectric wafers used to produce
the stack.
In order to simplify the analysis, let the height of
the stack be equal to the entire thickness of all the
piezoelectric wafers (i.e. hp¼ nt). Then, substitution
of equation (2) into equation (1) yields the constitu-











In equation (3), kp is the elastic coeﬃcient of the
stack (kp ¼ cE3A=hp), Cp represents the equivalent cap-
acitance of the stack (Cp ¼ n"S33A=t), and N is deﬁned
as the electromechanical conversion coeﬃcient of the
stack (N ¼ e33A=t). The electromechanical conversion
coeﬃcient N represents the force–voltage and charge–
deformation transferring relation of the stack. From
equation (3), a backward force due to piezoelectricity,
which actually converts mechanical energy into
electrical energy, can be written as
Fe ¼ NVp ð4Þ
Equation (4) gives an explicit relationship of exter-
nal force and output voltage, which will be used to
build the electromechanical models of the piezoelec-
tric wafer-stack harvester.
2DOF electromechanical model without
a rectifier circuit
In this condition, the electric energy generated by the
harvester applies directly on an external resistive load.
Considering the mechanical and electrical character-
istics of the piezoelectric stack under the external
force, the electromechanical model without a rectiﬁed
circuit of the proposed harvester is illustrated in
Figure 3. As shown in Figure 3, Fe is used to link
the mechanical parts and electrical parts of the
model and convert mechanical energy into electrical
energy. The governing equations of the model can be
written as
mr €yþ cr _yþ kry ¼ FðtÞ mr €xp
mp €xp þ ch _xp þ khxp þ kpxp þ Fe ¼ FðtÞ mr €xp mr €y






where y is deﬁned as y¼ xr – xp; xr and xp are the
strain of the rubber and stack under the external
force, respectively; mr, cr, and kr are the mass, damp-
ing, and elastic coeﬃcient of the rubber, respectively;
mp and kp are the mass and elastic coeﬃcients of the
stack, respectively; ch and kh are the mechanical
damping and elastic coeﬃcients of the harvester,
respectively; I is the current output of the harvester;
Cp is the clamped capacitance of the stack; Rp is the
piezoelectric leakage resistance and used to represent
the electric loss property of the stack; Rl is the external
resistive load; and R is the equivalent resistance of two
parallel resistances Rp and Rl. In general, Rp is much
higher than the load resistance, so that R&Rl.
Transforming equation (5) into the frequency
domain and dividing the ﬁrst equation by mr, the
second equation by mp, and the third equation by
Cp we obtain
ð!2 þ 21!1!jþ !21ÞYð!Þ  !2Xpð!Þ ¼
Fð!Þ
mr















Here ! is the angular frequency of the vibration
and Yp(!), Xp(!), Vp(!), and F(!) are the frequency
counterparts of y, xp, Vp, and F(t). Other parameters,




















p ,  ¼ mr
mp
, ka ¼ kp þ kh
ð7Þ
Figure 3. 2DOF electromechanical model without a rectifier
circuit.
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where  and  are the normalized frequencies,  is the
normalized electrical resistance, and ke is the alterna-
tive electromechanical coupling coeﬃcient. Those
dimensionless parameters can be calculated as
 ¼ !1
!2
,  ¼ !
!2




Based on equation (9), the voltage generated by the





 ðA3þ 2A41 Þ½ þð2A31  A4Þ j
ð11Þ
where parameters A3 and A4 can be calculated as
A3 ¼ A1 þ 2   2
 
k2e þ A2
A4 ¼ A2 þ 21k2e 2  A1
(
ð12Þ
In equation (12), parameters A1 and A2 are
deﬁned as
A1 ¼ 2   2  ð1þ Þ2 2 þ  4  412 2




Therefore, based on equation (11), the electrical











From equation (14), it can be concluded that the
electrical power, generated by the presented harvester,
depends on the exciting force (frequency  and amp-
litude F(!)), the mechanical coeﬃcients of the system
(such as the natural frequency !1 and !2, the mech-
anical damping factor 1 and 2, and the stiﬀness of
the harvester ka), and the electrical properties of the
harvesting system (such as the normalized electrical
load  and the overall electromechanical coupling
coeﬃcient of the harvester ke). Also, the value of par-
ameters A3, A4, and  is all dependent on the resistive
load R, therefore the value of the resistive load has a
great impact on the electrical power output of the
harvester. It is of great need to ﬁnd out the optimal
external resistive load, on which the power generated
by the harvester reaches its maximum value.
Based on equation (14), the optimal resistive load
and the maximum electrical power generated by the
harvester can be calculated as
Ropt1 ¼ AðAþ 2k2e   2k2eÞCp!
and
Pmax 1 ¼ Fð!Þ
24k4eCp!
4N2AðAþ 2k2e   2k2eÞ
ð15Þ
where A¼ 2   2  ð1þ Þ2 2 þ  4.
Normally, the nature frequency of the piezoelectric
wafer-stack is very high (equals to 1.78e4Hz in this
design). Therefore, based on equation (10), it is rea-
sonable to assume that the normalized frequency  
can be set to zero under low input frequency condi-
tions (lower than 10Hz). Under this assumption, the
optimal resistive load and the maximum generated
power can be rewritten as
Ropt1 ¼ 1ð1þ k2eÞCp!
and







Equation (16) indicates that the maximum elec-
trical power generated by the proposed piezoelectric
harvester is proportional to the frequency of ambient
vibration and proportional to the square of the amp-
litude of ambient vibration. It can also be found that
the generated electrical power increases with the elec-
tromechanical coupling coeﬃcient ke. Equation (10)
shows that the value of ke is determined by the mech-
anical framework of the harvester and the properties
of the selected piezoelectric materials. Therefore, care-
ful selection of the piezoelectric material and optimal
design of the mechanical structure are very important
to obtain higher electromechanical coupling coeﬃ-
cient ke resulting in optimal scavenging electrical
energy under ambient vibration.
Meanwhile, equation (16) shows that the optimal
external resistive load for the maximum electrical
power generation is not a constant value and changes
with the parameters of the harvester, the properties of
the piezoelectric material, and the input frequency.
The value of the optimal resistive load is inversely
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proportional to the input frequency and the capaci-
tance of the piezoelectric material. For a weak elec-
tromechanical coupling coeﬃcient ke, the optimal
resistance can be simpliﬁed as 1/Cp!.
2DOF electromechanical model with
a rectifier circuit
The electrical power generated by the piezoelectric
harvester under ambient vibration is normally alter-
native electricity whose voltage changes with the force
excitation caused by the vibrations. In practice, it may
be required to convert the alternating voltage output
into a constant voltage in order to be used by
common low-power electronics. Therefore, rectiﬁer
circuit is proposed to convert the generated AC elec-
tricity into DC electricity. To analyze the electrical
characteristics of the proposed piezoelectric harvester
with a rectiﬁer circuit, an electromechanical model
with a rectiﬁed circuit of the proposed piezoelectric
harvester is developed and illustrated in Figure 4.
As shown in Figure 4, there is an AC-to-DC rectiﬁer
between the harvester and the external resistive load
Rl. A ﬁltering capacitance Cr is used to smooth the
output DC voltage of the AC-to-DC rectiﬁer. The
rectiﬁer bridge is assumed to be ideal in this paper.
Same as equation (5), the governing equations of
the model with a rectiﬁer circuit can be presented as
mr €yþcr _yþkry¼FðtÞmr €xp





With regard to the DC output voltage on Rl, if the
time constant RlCr is much larger compared to the
vibration period, the voltage Vr can be considered as
a constant. As shown in Figure 4, when jVpj is lower
than Vr, the rectiﬁer is an open circuit, and I and Q
are null at this condition. However, when the jVpj
reaches Vr, the rectiﬁer starts to work and the jVpj is
kept equal to the rectiﬁed voltage Vr. Finally, the con-
duction in the rectiﬁer diodes is blocked again when
the absolute value of the harvester output voltage jVpj
starts decreasing. Upon the above analysis, the
current ﬂowing into the rectiﬁed circuit can be
calculated as
I ¼
Cr _Vr þ Vr=Rl if Vp ¼ Vr





From equations (17) and (18), it can be found that
the voltage output Vp of the harvester with a rectiﬁer
circuit varies proportionally with respect to the piezo-
electric wafer-stack strain xp if the rectiﬁer bridge is
blocked and the outgoing current is zero. Deﬁning
T¼ 2p/! as the period of the vibration, and t1 and
t2 as two time instants (t2–t1¼T/2), thus the strain
xp goes from the minimum –xpm to the maximum
xpm (xpm is the constant magnitude of the strain).
Assume that _Vp50 during the time period from t1
to t2, therefore, the integration of the third part of
equation (17) from time t1 to t2 is





Based on equation (19), the rectiﬁed voltage Vr can
be expressed as a function of the strain amplitude xpm
Vr ¼ 2!NRl
2!CpRl þ xpm ð20Þ
Assume that the external force excitation is inde-
pendent of the piezoelectric harvester, from equation
(8), the strain of the wafer-stack under the external
force can be rewritten as
Xpð!Þ ¼ Fð!Þ
kaðA23 þ A24Þ
A5 þ A6 jð Þ ð21Þ
where the parameters A5 and A6 can be obtained by
A5 ¼  ðA3þ 2A41 Þ þ 2A31  A4
A6 ¼  ð2A31  A4Þ  2A41  A3
(
ð22Þ
Based on equation (21), the strain amplitude xpm







where Fm is the amplitude of the external force.
Figure 4. 2DOF electromechanical model with a rectifier
circuit.
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The rectiﬁed voltage under the external resistive
load can be rewritten as
Vr ¼ 2!NRl







NðA23 þ A24Þð2 þ Þ
ð24Þ
Based on equation (24), the electrical power under










2 22ðA25 þ A26Þ
N2ðA23 þ A24Þ2 2 þ ð Þ2Rl
ð25Þ
In this case, the maximum harvested electrical
power of the harvester and the optimal resistance















Equation (26) shows that there is also an optimal
resistance, on which the DC electrical power gener-
ated by the harvester reaches maximum value. The
optimal external resistance for the maximum DC elec-
trical power also changes with the parameters of the
harvester, the properties of the piezoelectric material,
and the input frequency. Assume that the normalized
frequency  equals to zero, the optimal resistive











Similar with the results from the electromechanical
model without rectiﬁer circuit, equation (27) indicates
that the maximum harvested DC electrical power is
proportional to the input frequency and the square of
the amplitude of the external force. Also, the DC elec-
trical power generated by the harvester with a rectiﬁed
circuit increases with the electromechanical coupling
coeﬃcient ke. For a weak electromechanical coupling
coeﬃcient, the optimal resistance can be simpliﬁed as
p/2Cp! in this model. Compared equation (27) to
equation (16), it can also be found that the optimal
external resistive load for the harvester with a rectiﬁer
circuit is bigger than the optimal resistance for the
harvester without the rectiﬁer circuit. Therefore, it
can be concluded that adding a rectiﬁer circuit will
cause an increase in the optimal resistance.
Experimental testing
Experimental setup
Figure 5 shows the test specimens of piezoelectric
stacks and harvester, whose properties are presented
in Table 1. In practice, three rubber layers, which are
made up of chloroprene rubber, are used to cover the
piezoelectric stacks and protect them from damaging.
Parameters and properties of the rubber layer, which
were used for simulating the performance of the pro-
posed harvester, are presented in Table 2. The sketch
of the test setup is shown in Figure 6 and Figure 7
shows the photo of the test system. As shown in
Figure 6, the proposed piezoelectric harvester is
installed in a host structure and excited by a spring
to evaluate this energy harvesting ability. One side of
the host structure is ﬁxed on the ground and another
side is connected to the shake table which is used to
input the vibration excitations. A spring, as shown in
Figure 6, is used to transfer shake table’s motions into
vibrational force and apply on the harvesting unit.
The test is designed to examine its performance
under large-force and low-frequency environments.
During the test, the shake table compressed the
Figure 5. Piezoelectric stacks and harvesting unit.
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outer spring for 50mm as precompression and then
performed diﬀerent sinusoidal motions with diﬀerent
amplitudes, i.e. 20, 30, and 40mm, and low frequen-
cies, i.e. 2.0, 4.0, and 6.0Hz. Shake table motions will
be transferred into large force by the spring. A spring
with proper stiﬀness and dimension was chosen to
apply exciting force on the harvester. The stiﬀness
of the selected spring was measured to be 34N/mm
using a static compression test. Based on the stiﬀness
of the spring, the maximum force transmitted by the
spring reaches 3060N under maximum amplitude of
40mm. The harvester generates electrical power when
the vibration from the shake table applies on the
wafer-stacks. Two series-connected rheostats, as
shown in Figure 7, were chosen to serve as the exter-
nal resistive load of the harvester in order to investi-
gate the relationship between the power output and
the electrical resistance. Data acquisition system was
used to record the output voltage signal applied on
the rheostats.
In practice, two kinds of tests (namely AC test and
DC test, respectively) were conducted to investigate the
Table 1. Characteristic properties of the piezoelectric stack.
Material properties Value Stack properties Value
Material type PZT-8 Diameter (mm) 20
Coupling factors k33 0.68 Height hp (mm) 34
Piezoelectric constant d33 (pC/N) 280 Single wafer thickness t (mm) 0.85
Dielectric constants "33/"0 1000 Layer number 36
Young’s modulus YE33 (10
10N/m2) 7.1 Mass mp (g) 87
Curie point (C) 320 Capacitance Cp (mF) 0.12
Dissipation factor (%) 0.2 Stiffness kp (10
9N/m) 1.1
Density (103kg/m3) 7.7 Natural frequency !n (10
4 rad/s) 11.18
Table 2. Characteristic properties of the rubber layer.
Properties Value Properties Value
Diameter (mm) 20 Height (mm) 3
Young’s modulus (106N/m2) 3.17 Compression modulus (106N/m2) 231.56
Compression stiffness (107N/m) 8.68 Damping coefficient (N s/m) 192.7
Figure 6. Sketch of the test setup.
Figure 7. Photo of the test setup.
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performances of the proposed piezoelectric harvester
without or with the rectiﬁer circuit. In AC test, the
voltages generated by the piezoelectric harvester were
directly applied on the external resistive load, i.e. the
rheostats; but in DC test, a rectiﬁer circuit between the
piezoelectric harvester and the rheostats was used to
convert the AC voltages into DC voltages.
Experimental results comparison and discussion
Figure 8 shows the actual force applied on the piezo-
electric harvester and the real-time output voltage of
the harvester with 290 kV resistive load when the
shake table performs 30mm/2Hz sinusoidal motion.
It can be seen that the amplitude of the sinusoidal
force applied on the harvester reaches 2600N.
Under this sinusoidal force, the voltage generated by
the piezoelectric harvester is AC voltage with the same
frequency of the shake table input. Also, as shown in
Figure 8, there is a phase change between the applied
force and the output AC voltage, which is caused by
the response of the outer spring and energy harvesting
system itself.
Under the same input, Figures 9 and 10 show the
real-time output voltages of the proposed piezoelec-
tric wafer-stack harvester on diﬀerent electrical resist-
ances in AC test and DC test, respectively. It can be
seen from Figure 9 that the voltage output of the har-
vester, without the rectiﬁer circuit, is an AC voltage
and its amplitude increases with the external resist-
ance. Figure 10 shows that the voltage output of the
harvester, with the rectiﬁer circuit, is a DC voltage
and the value of the DC voltage increases with the
external resistance.
Figure 11 shows the relationship between the amp-
litudes of the voltage/power output in AC test with
diﬀerent external resistive loads under the applied
force shown in Figure 8. It can be seen that: (1) the
amplitudes of the AC voltage, within a certain range
of external resistance, increase with the value of the
external resistance, and then trend to constant after
the external resistance exceeding a certain value;
(2) the amplitudes of the AC power under the external
resistance ﬁrst increase with the resistance, and then
trend to decrease after the external resistance exceed-
ing a certain value. There is an optimal resistance,
with which the amplitude of the output AC power
reaches maximum.
Figure 12 shows the relationship between the DC
voltage/power outputs of the harvester with diﬀerent
external resistive loads under the applied force shown
in Figure 8. Similar to the results of AC test shown in
Figure 11, the output DC voltages vary with the exter-
nal resistance and there is an optimal resistance, with
which the DC power generated by the harvester
reaches the maximum.
Comparing Figure 11 with Figure 12, it can be
found that the value of optimal resistance in the AC
test is higher than that in the DC test under the same
shake table input. Figure 13 clearly shows the diﬀer-
ent optimal resistances of the harvester in the AC and
DC test under the same shake table input shown in
Figure 8. It can be seen that the optimal resistance for
the harvester with the rectiﬁer circuit (about 1050 kV)
Figure 8. The applied force versus output voltage in AC test.
Figure 9. Output voltages in AC test.
Figure 10. Output voltages in DC test.
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is bigger than the optimal resistance for the harvester
without the rectiﬁer circuit (about 680 kV). This
means that adding the rectiﬁer circuit leads to a
bigger optimal resistance, which agrees with previous
theoretical analysis. Experimental results from
Figures 9 to 13 indicate that the external resistive
load has a great inﬂuence on the electrical power gen-
erated by the proposed piezoelectric harvester.
Therefore, it is important to ﬁnd out the optimal
resistance in order to maximize the output electrical
power under diﬀerent external vibration excitations.
Figure 14 shows the amplitudes of the output AC
power and the DC power under the vibrations with
diﬀerent input amplitudes, i.e. 20, 30, and 40mm,
and ﬁxed frequency, 2Hz. From Figure 14, it can
be seen that: (1) both AC and DC power generated
by the harvester increase signiﬁcantly with theFigure 13. A comparison of the optimal resistance.
Figure 12. Harvested DC voltage/power versus resistance under 30mm/2Hz testing input.
Figure 11. Amplitudes of the AC voltage/power versus resistance under 30mm/2Hz testing input.
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amplitudes of the shake table input. When the input
amplitude increases from 20 to 40mm, the maximum
amplitudes of the output AC power and DC power
increase from 12 to 45mW and 3 to 16mW, respec-
tively (2) the optimal resistance for maximum har-
vested power does not change with the amplitudes of
the force excitations, which agrees with theoretical
analysis.
Figure 15 shows the relationships between the
harvested powers and the input frequencies of the
shake table sinusoidal motions with ﬁxed amplitude,
40mm, in the AC and DC tests, respectively. It can
be seen that: (1) both AC and DC power outputs
generated by the harvester increase signiﬁcantly with
the input frequency. When the input frequency
increases from 2 to 6Hz, the maximum amplitudes
of the harvested AC power and DC power increase
from 45 to 200mW and 16 to 85mW, respectively;
(2) the optimal resistance for maximum harvested
power decreases with the input frequency of the
shake table.
Conclusions
This paper presented comprehensive investigations on
a compression-based piezoelectric energy harvester
for scavenging electrical energy for powering wireless
sensor networks in civil and transportation infrastruc-
tures. Based on the linear theory of piezoelectricity,
this paper presents the theoretical analysis of the
piezoelectric multilayer stack harvester, and 2DOF
electromechanical models of the proposed harvester
(without and with a rectiﬁer circuit) have been devel-
oped and examined in this paper. A series of experi-
mental tests were conducted to investigate the
performance of the proposed piezoelectric stack har-
vester and verify the theoretical ﬁndings. The experi-
mental results show that the proposed piezoelectric
Figure 15. Harvested power comparison under different frequencies: (a) AC power; (b) DC power.
Figure 14. Harvested power comparison under different amplitudes: (a) AC power; (b) DC power.
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stack harvester can generate up to 200mW (AC) and
85mW (DC) electrical power under harmonic excita-
tion with large force of 3060N and frequency of 6Hz,
and it is suﬃcient for powering most normal wireless
sensor networks.
Additionally, based on the theoretical analysis and
experimental results, the following conclusions can be
acquired:
1. The proposed compression-based piezoelectric
energy harvester is a linear system, the electrical
energy which can be harvested by the proposed
vibration harvester increases with the frequency
and force amplitude of the harmonic excitation.
2. The electrical power scavenged by the proposed
piezoelectric harvester depends not only on the
harvester itself but also on the external electrical
load. There is an optimal electrical load for a given
exciting vibration, with which the electrical power
harvested by the harvester reaches maximum
value.
3. The optimal electrical load is inversely propor-
tional to exciting frequency, and the value of the
optimal electrical load is not aﬀected by the
force amplitude of excitation. Under the same
input frequency, the optimal electrical load keeps
in a constant value for diﬀerent force amplitudes.
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